In the offshore waters of Southern California, submesoscale processes associated with fronts may stimulate phytoplankton blooms and lead to biomass shifts at multiple trophic levels. Here we report the results of a study on the cycling of biogenic silica (bSiO 2 ) with estimates of the contributions of diatoms to primary and new production in water masses adjacent to (i.e., coastal or oceanic) and within an offshore front in the Southern California Current Ecosystem (CCE). The coastal and oceanic water were sampled in cyclonic and anticyclonic eddies, respectively, with the frontal water being an interaction region between the eddy types. Concentrations of bSiO 2 varied by 25-fold across the front, with concentrations in frontal waters 20-25% of those in coastal waters. Rates of biogenic silica production spanned an equally large range, with rates within the frontal region that were half those in the coastal regions. Contributions of diatoms to primary and new production were disproportionately higher than their contribution to autotrophic biomass in all areas, ranging from 5-8%, 19-30%, and 32-43% for both processes in the oceanic, frontal and coastal waters, respectively. Across the frontal area, diatoms could account for <1.0%, 6-8%, and 44-72% of organic matter export in the oceanic, frontal and coastal waters, respectively. The results suggest that the regions of frontal interactions between eddies in the southern CCE can account for variability in diatom biomass, productivity and export over very short spatial scales that is comparable to the variability observed across the Pacific basin.
Introduction
The California Current Ecosystem (CCE) is a biologically productive upwelling region along the western coast of the North American continent. The predominant southward flow of the California Current brings cool waters down the coast from the North Pacific. During spring and summer months, winds are favorable for offshore Ekman flow, resulting in near-shore upwelling of high-nutrient waters and intense diatom blooms along the central California coast north of Pt. Conception [Lassiter et al., 2006] . Along the southern California coast (south of Pt. Conception), strong near-shore upwelling is typically not observed, and the complex hydrography also gives rise to mesoscale features (e.g., eddies and fronts), which are readily identifiable using remote observations of sea-surface temperature and chlorophyll a up to 500-700 km offshore .
Generally speaking, mesoscale features can be disproportionately important for processes like primary productivity, nutrient cycling and trophic ecology relative to their areal extent [e.g., Nelson et al., 1985; Yoder et al., 1994; Powell and Ohman, 2015] . Within these features, diatom growth can be stimulated, resulting in biomass accumulations, in some cases, well above those of adjacent waters [e.g., Taylor et al., 2012] . Such responses are not limited to coastal regions, as open-ocean mesoscale eddies may contain diatom communities with 1-2 orders-of-magnitude higher biomass than waters outside the eddy [Benitez-Nelson et al., 2007; McGillicuddy et al., 2007; Krause et al., 2009a Krause et al., , 2010b . Fronts in the North Pacific have been shown to accumulate larger diatom cells and chains, which potentially stimulate production and biomass of higher trophic level organisms in the pelagic or benthic environments [Yoder et al., 1994; Smith et al., 1996] . While CCE waters generally have higher diatom standing stocks compared to the open ocean, proportionately similar levels of diatom-biomass enhancement have been observed at fronts in this region [Taylor et al., 2012] .
Recent observations in the offshore waters of Southern California have demonstrated the potential importance of deep-water fronts in the CCE. In the ''A-Front'' study, for example, Li et al. [2012] suggested that autotrophic biomass accumulation at the front was driven by increased nitrate flux into the euphotic zone, which enhanced primary production, coupled with reduced grazing by microzooplankton. Among photoautotrophs, diatoms especially increased at the front to two to three fold higher biomass than the adjacent assemblage on the coastal side of the front and over an order of magnitude higher than the oceanic side of the front [Taylor et al., 2012] . The diatom-dominated frontal region was also associated with a transformed food web. Abundances of calanoid copepods, nauplii, euphausiids and appendicularians were notably higher at the front than in adjacent coastal and oceanic waters . Acoustic analysis also demonstrated enhancement of vertically migrating groups of euphausiids, larval fish and mesopelagic fish [Lara-Lopez et al., 2012] . In addition, in situ imaging showed several-fold higher concentrations of large organic aggregates in the A-Front area relative to outside waters . Since large aggregates may sink rapidly [e.g., Alldredge and Gotschalk, 1988] , their elevated presence implies that enhanced organic matter export can be important at fronts.
Despite these compelling observations, there is little understanding of rate variability and elemental cycling across frontal gradients in this region. Fronts are areas of water mass interaction, hence, the biological response in such regions depends on a combination of the initial communities present, the physical and chemical properties of the interacting water masses, and the external physical forcing (e.g., wind direction and magnitude). A phytoplankton species shift, e.g., from dominance by nano and picoplankton to microplankton, may or may not significantly increase community primary productivity (e.g., factor 2 and 3), but the impact on regional new production or export flux could be much higher, as larger cells (e.g., diatoms, dinoflagellates) typically contribute more significantly to these processes. Thus, the biogeochemical implications of diatom biomass and growth variability across frontal gradients in the CCE may be substantial.
Here we report results from a cruise that combined quasi-Lagrangian process studies and high-resolution transect sampling through a frontal region between an anticyclonic and cyclonic eddy. Given previous findings (e.g., A-Front), we focus on spatial variability in diatom growth and their contributions to total organicmatter production and export rates across the frontal gradient. To assess diatoms specifically, we utilize their obligate requirement for silicon, which they use to make a frustule of amorphous biogenic silica (bSiO 2 ), and track changes in the rates of bSiO 2 production and export and the role of silicic acid (Si(OH) 4 ) concentrations in limiting uptake by diatoms. This information allows us to estimate the relative contributions of diatoms to the total rates of primary and new production, and to quantify how the biogeochemical role of diatoms changes across a frontal gradient in the southern CCE.
Methods
The P1106 cruise was conducted aboard the R/V Melville from 18 June through 17 July, 2011 150 km to the southwest of Point Conception, California (Figure 1 ). The cruise track was located in the northern domain of the California Cooperative Oceanic Fisheries Investigations study region [Koslow et al., 2011] . Lagrangian-style process studies and a high-resolution spatial transect were conducted at locations determined by real-time 3-D monitoring of environmental conditions using SeaSoar and a Moving Vessel Profiler . Similar Lagrangian-style experimental designs have been conducted on previous CCE Long-Term Ecological Research (LTER) process cruises, and have been discussed elsewhere in detail [Landry et al., 2009 Ohman et al., 2012] .
A total of six Lagrangian-style process studies (termed experimental ''cycles'') were conducted within three regions-the open-ocean and coastal waters adjacent to the front and within the front itself. Later analysis of satellite-derived sea-level anomaly (SLA) data determined that the oceanic stations were associated with an anticyclonic eddy (positive SLA; Figures 1a and 1d) , the coastal stations near or within two distinct cyclonic eddies (negative SLA; Figures 1b and 1c) , and the frontal stations were located within the interacting regions between the anticyclone and both cyclones (Figures 1a and 1d ). For brevity, the oceanic/anticyclone, frontal interaction, and coastal/cyclone cycles will be referred to as oceanic, frontal and coastal, respectively. Each cycle lasted 3 days, starting near midnight of Day 1 with the deployment of a drift array with VERTEX-style acrylic sediment traps (with a holey-sock drogue centered at 15 m [Stukel et al., 2013] ). Hydrocasts for stock and rate measurements were conducted on Days 1 and 2 of each cycle, with Day 3 activity limited to stock measurements prior to the retrieval of drifting equipment. The hydrocasts discussed here were conducted predawn (typically 02:00 local time) with CTD data profiles to depths of 500 m and Niskin-bottle sampling of water in the upper 40-100 m, depending on water-column properties. After experimental bottles were filled from the Niskin rosette, tracer was added and the bottles were placed into mesh bags and secured to an in situ surface-tethered productivity array at the depth where the water sample was taken. The sampling, processing and array deployment were all done prior to sunrise. After 24 h, Day 1 incubated samples from the array were retrieved and Day 2 experiments, collected and prepared in the same manner, were secured to the array and redeployed. The final (Day 3) retrieval of the incubation array was followed by retrieval of the sediment traps prior to departure for the next experimental cycle location. Tracer samples were processed immediately upon retrieval, and sediment trap samples were processed within a few hours.
In addition to the process studies, three high-resolution transects were conducted across the front from local sunset to sunrise at 3 km spatial resolution. For logistic reasons, only standing stock measurements were made in the upper 85 m. Transect A sampling was halted prior to completion and transect B was Figure 1d ). The altimeter products were produced by Ssalto/Duacs and distributed by Aviso (http://www.aviso.oceanobs.com).
unsuccessful in capturing all three regions associated with the front. Here we report the results of transect C conducted between 15 and 16 July 2011 (hereafter referred to as ''C-Front'').
Macronutrients and biogenic particles were measured at every sampling depth during the experimental cycles and C-Front transect. For nutrients, water was sampled directly from the Niskin bottles after filtration though a 0.1 mm capsule filter (Suporcap). One aliquot of the filtrate was immediately frozen for autoanalyzer analysis (NO 3 , NO 2 , NH 4 , PO 4 ) on shore, while the other was refrigerated at 4 C until analysis of Si(OH) 4 (<4 h) at sea using a sensitive manual colorimetric method [Brzezinski and Nelson, 1995] . Seawater for bSiO 2 analysis was collected (0.6 or 1.2 L depending on location), filtered through a 0.6 mm polycarbonate filter, placed in cryovials and dried in an oven for 24 h. On land, samples were analyzed using a NaOH digestion procedure [Brzezinski and Nelson, 1995] in Teflon tubes, which provide low and stable blanks [Krause et al., 2009b] . Chlorophyll a (Chl a) concentration was determined by filtering 250 mL through glass fiber filters, extracting in 90% acetone in the dark at 218 C for 24 h and reading on a Turner 10AU fluorometer [Strickland and Parsons, 1972] . At the transect stations, samples were taken for assessment of nano and microplankton abundance according to the detailed protocol described in Taylor et al. [2012] , which allows quantification of total carbon associated with autotrophic groups (e.g., diatoms, dinoflagellates, prymnesiophytes, etc.), and we specifically focus on diatom carbon.
The rate of biogenic silica production (q P ) was measured using the radioisotope 32 Si. Prior to the cruise, the entire isotope stock was cleaned of trace metals by passage through Chelex resin (BioRad). Cruise samples were collected directly from the Niskin bottles into polycarbonate bottles (150 mL or 300 mL), and 360 Bq of high specific activity 32 Si(OH) 4 (>40 kBq mmol Si
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) were added. The experimental bottles were kept in the dark during preparation and placed into mesh bags for deployment on the productivity array. After the 24 h in situ incubation at the depth of sample collection, the bottle contents were filtered (0.6 mm pore, 25 mm diameter polycarbonate filter) and the filters were mounted on a nylon disc and covered with Mylar after drying. The filters were processed using gas-flow proportional counting when 32 Si and its daughter isotope 32 P were at secular equilibrium [Krause et al., 2011a] . The specific rate of silica production (V b ) for each sample was calculated by normalizing q P to [bSiO 2 ] at the corresponding depth using the equations described in Brzezinski and Phillips [1997] . The average V b for the upper water column (V AVE ) was calculated by vertically integrating V b to a specific depth (e.g., 40 m) then dividing by the depth of integration.
Gross rates of primary and new production are used to constrain the contributions of diatoms to each rate. Conversion of diatom q P to diatom-specific primary production and new production were done using established approaches [Krause et al., 2011b] . Total community primary production and new production were measured using 14 C and 15 NO 3 -tracer methods, according to standard protocols for the CCE LTER program (http://cce.lternet.edu/data/methods-manual).
In each region, one experiment was conducted to assess the potential limitation of Si uptake by ambient silicic acid availability. Si uptake by diatoms in the laboratory and field populations conforms to MichaelisMenten kinetics, described by the hyperbolic function:
where V MAX is the maximum theoretical uptake at nonlimiting [Si(OH) 4 ] and K S is the [Si(OH) 4 ] where V b 5 1 =2V MAX , i.e., the half-saturation parameter. These experiments were performed at each station using water from <20 m depth to examine the response of Si uptake to eight silicic acid concentrations (i.e., ambient to 120 lmol L 21 ). Seawater for each experiment was sampled directly from the CTD rosette into a single polycarbonate container and gently mixed just prior to being subsampled into 300 mL polycarbonate bottles. Radioisotope additions were the same as used on the production array, but kinetic experiment samples were incubated for 10 h on deck in a screened incubator (50% of surface light) cooled by flowing surface seawater. After 10 h incubations, samples were processed as described above. Nonlinear regression analysis was performed in Sigmaplot 12.0 V C software to fit the 8-point data set to the Michaelis-Menten function in order to calculate V MAX and K S and the associated standard error for each parameter.
and/or 100 m. After recovery, samples were filtered through a 200 mm filter. The >200 mm fraction was sorted microscopically to remove zooplankton before being recombined with <200 mm fraction. Aliquots from three different tubes were subsampled using a rotary splitter, to measure bSiO 2 , and the filtrate was saved to measure silicic acid to determine the amount of bSiO 2 that dissolved during deployment [Brzezinski et al., 2011] and to correct the total measured bSiO 2 flux. Sediment trap samples for particulate organic carbon and nitrogen (POC and PON) were similarly collected, fumed with HCl to drive off inorganic carbon, and analyzed on a CHN Analyzer at the Scripps Institution of Oceanography Analytical Facility. These data are used similarly to the primary and new production data, as an elemental basis of comparison to silicon.
Results

Defining the Frontal Region
Two 3 day experimental cycles were conducted in each of three water types: oceanic, frontal and coastal. During the cruise, the study area was affected by mesoscale eddies. The oceanic cycles appeared to be largely within an anticyclone ( Figures 1a and 1d ), while the two coastal cycles were conducted in or near cyclonic features ( Figures 1b and 1c ). The frontal cycles were located in the region between the two eddy types. A plot of temperature versus salinity (T-S) shows that the coastal and oceanic regions had distinctive T-S signatures (Figure 2a) . The T-S signature at the frontal stations indicated mixing between the oceanic and coastal end members. This contrast was also observed in the vertical profiles of potential density, especially at depths below the surface mixed layer (e.g., >20 m, Figure 2b ). The mixed layer depths, determined by potential density changes, in the oceanic cycles were deeper than for the coastal cycles, consistent with anticyclonic depression and cyclonic shoaling of isopycnals. The oceanic cycles in the anticyclone had a mixed-layer depth of 4769 m, over twice the 2069 m observed in the coastal cyclones (Table 1) . The mixed-layer in the frontal region was 37612 m. The potential density characteristics of frontal and coastal water overlapped in the upper 20 m (Figure 2b ), but T-S relationships were more distinct and driven by changes in salinity ( Figure 2a ). Based on this observation, the oceanic, frontal and coastal water masses were operationally characterized by near-surface salinity that ranged from <33.15, 33.15-33.45, and >33.45, respectively.
C-Front Transect
The 23.3 km C-Front transect sampled a gradient between oceanic and coastal-cycle conditions. Using the near-surface salinity criteria, all three region types were sampled at least once on this transect (Figures 2c and 2d). After transitioning out of the oceanic region (0 km, i.e., transect starting station), the frontal water parcel (i.e., upper 40 m) was traversed in <9 km, with the remainder of the transect in coastal waters ( Figure 3a) . The frontal area of interaction between oceanic and coastal waters, per our salinity definition (triangles, Figures 2c and 2d), was observed between 3.8 and 9.1 km along the transect ( Figure 3a ). Surface waters between 9.0 and 19.5 km along the C-Front had higher potential density than waters to the east and west (Figure 3a) . Within the upper 40 m, there was a strong uplift in the nitracline along the transect, as the 2.5 lM NO 3 isopleth shoaled from 40 m in the oceanic water to 20 m in the frontal water, and coastal-water nitrate exceeded 2.5 lM even at the surface (Figure 3b distribution of bSiO 2 and Chl a, suggests that diatoms dominated the autotrophic community biomass in coastal waters. This result is confirmed by the increase in diatom C to over 70% of the total phytoplankton biomass within these areas and depths, relative to <10% in the oceanic and frontal waters (Figure 3f ).
Process Studies (Cycles)
All process stations were located within a relatively small area (130 km x 60 km) during the 30 day cruise (Figure 1 ). Drifter tracks were south to southeastward in five of six cycles (Figure 1 ), traveling at 29 -66 cm s 
Nutrients
The horizontal and vertical trends in nitrate, silicic acid, and hydrography (supporting information Data Sets 1-3) were similar to those on the C-Front transect (Figure 3 and supporting information Data Set 4). Nitrate:-phosphate ratios (i.e., NO 3 :PO 4 ) were <5 in the mixed layer, considerably lower than the canonical 16 (i.e., Redfield-Ketchum-Richards ratio). Thus, P limitation was unlikely, and P distributions will not be discussed further. In the mixed layer, nitrate and silicic acid showed opposing spatial trends (Figure 4) . Nitrate was below detection limits in the oceanic regions (Figure 4a ) but increased within the frontal (Figure 4c ) and coastal regions (Figure 4c ). Silicic acid concentrations at the frontal stations were slightly higher than those at oceanic stations (Figures 4a and 4b ), but average concentrations at the coastal stations were considerably lower (Figure 4c) . Profiles of silicic acid mirrored the differences in the mixed layer depth across location types (Figures 5a, 5e, and 5i) as the main silicic acid gradients were shallower in the frontal and coastal stations.
Biogenic Particles
Consistent spatial trends were observed in both biogenic silica and Chl a concentrations. Averaging the data for each cycle type (Figure 4) , the mean mixed-layer [bSiO 2 ] was 0.04, 0.30 and 1.22 mmol Si L 21 for the oceanic, frontal, and coastal regions, respectively; however, there was significant variability in the coastal (Figures 5b, 5f , and 5j). In the coastal waters, subsurface maxima between 25 and 35 m were observed during Cycle 4 (Figure 5j ). The maximum values for both biomass measurements (i.e., bSiO 2 and Chl a) during Cycle 4 (coastal) were similar to those in the highbiomass region of the C-Front (Figures 3d, 4c , and 5h).
Integrating [bSiO 2 ] to 40 m depth amplified the differences between water types (Table 1) . Average Ð bSiO 2 was 53.2 mmol Si m 22 in the coastal regions, versus 8.6 and 1.6 mmol Si m 22 in the frontal and oceanic regions, respectively. Specifically, coastal Cycle 4 had a substantial bSiO 2 accumulation, which extended well below the mixed layer.
Biogenic Silica Production, Export, and Si Uptake Kinetics
The water-column distribution of biogenic silica production (q P ) paralleled that of [bSiO 2 ], with the highest q P (Figures 5c, 5g ,and 5k) at depths with highest biomass (Figures 5b, 5f , and 5g). q P declined with depth to analytical zero values at the base of all profiles, i.e., 60-100 m (Figures 5c, 5g , and 5k), suggesting the profiles captured the full vertical extent of q P . Unlike the biomass proxies, however, mixed-layer values of q P in the coastal (0. (Figures 5g and 5k) , and both were an order of magnitude higher than those in the oceanic region (Figure 5c ). Two exceptions occurred in a single profile from both coastal Cycles 3 and 4, where the q P maximum was observed below the mixed layer (30 -35 m, Figure 5k ). The calculated biomass-normalized rates of production ( ) regions (Figures 5d, 5h , and 5l). By this estimation, the growth rate disparity between oceanic diatoms and those in coastal or frontal regions was not as large as suggested from the biomass measurements. When the rates are vertically integrated among regions to a common 40 m depth (typically deeper than the mixed layer in the coastal region), the subsurface maximum in q P in the coastal region increased the integrated Ð q P to nearly twice that observed in the frontal region (Table 1) . However, depth-averaged values of V b (i.e., V AVE , Table 1) in the frontal region were still 50% higher than in the coastal region. These V AVE values imply average doubling times of 3.9, 5.8, and 8.7 days for biogenic silica in the upper 40 m within the frontal, coastal and oceanic regions, respectively.
The export of bSiO 2 (q E ) to 60 and 100 m depth also showed strong spatial variability. One of the most surprising results was the enhanced q E observed at coastal Cycle 3. q E was 19.34 and 12.09 mmol Si m 22 d
21
at 60 and 100 m, respectively (Table 1) , three to five-fold higher than q E in the frontal region and Cycle 4 (coastal), which had the highest Ð bSiO 2 (Table 1) . Aside from the Cycle 3 values, measured export rates in the frontal and coastal waters were very similar, 4.5 mmol Si m 22 d 21 .
Kinetic experiments show differences in Si uptake parameters across regions. V MAX varied by a factor of 2.5 among experiments, with the highest and lowest values in the oceanic and frontal waters, respectively (Table  2 ). In the frontal and coastal regions, K S concentrations were 0.63 and 1.17 lM, respectively (Table 2) . Quasilinear Si uptake was apparent in the oceanic experiment (Figure 6 ), as the r 2 for linear regression (i.e., 0.95) was the same as the adjusted r 2 when the data were fit to the Michaelis-Menten equation. Such linearity led to a calculated high K S concentration (13.9263.46 lM) relative to the available silicic acid. The average initial slope of the kinetic curve (V max :K s ) was slightly higher in frontal versus coastal waters, and both diatom assemblages were more kinetically efficient for Si uptake than in the oceanic experiment. In all three regions, ambient silicic acid was low enough to limit rates of Si uptake ( Figure 6 ). Silicic acid concentrations reduced uptake to 40.7%, 73.2% and 11.9% of V MAX (i.e., V b :V MAX ) for the coastal, frontal and oceanic communities, respectively (Table 2 ).
Discussion
Si-Cycling Across a Frontal Gradient
Rates of Si-cycling in the oceanic experimental cycles, both within an anticyclonic eddy, were consistent with previous studies in mid-ocean gyres. The gross rates of bSiO 2 production (q P ) were very low ( Figure 5c and Table 1 ), similar to euphotic-zone rates at the Hawaii Ocean Time-series station ALOHA [Brzezinski et al., 2011] and approximately 50-75% of summer-period rates in the North Pacific subtropical gyre near the subtropical front [Krause et al., 2013] . Despite the low q P , V b at the oceanic stations was higher than for coastal Cycle 4 (southern cyclonic eddy) but 33-50% of rates observed in the other three cycles (Figure 5 ), suggesting low and less-variable diatom growth in these waters. The quasi-linear increase with increasing silicic acid ( Figure 6 ) clearly shows that diatom silicification was limited by available silicic acid, which held uptake rates to 11.9% of their maximum (Table 2) . Limitation to such a degree may theoretically lead to diatom growth limitation from low silicic acid availability [Martin-Jezequel et al., 2000; Krause et al., 2012] despite the very low nitrate. Similar quasi-linear uptake responses to increasing silicic acid have also been observed in the mid-ocean gyres [Brzezinski and Nelson, 1996; Brzezinski et al., 1998; Krause et al., 2012] and in short-duration culture experiments [Thamatrakoln and Hildebrand, 2008] . However, this is the first report of this response in the CCE and one of the few reports of such a phenomenon occurring in such close proximity to the coast [see also Brown et al., 2003] .
While diatom biomass and silica production rates increased between oceanic and coastal endpoints, the experiments within coastal waters showed considerable variability. At the time of sampling, diatoms in the southern cyclonic eddy (coastal Cycle 4) were likely in decline. The observed silicic acid in the mixed layer was 0.4560.15 lM, with the surface values between 0.11 and 0.18 lM (Figure 4 ). Such intense silicic acid drawdown is seldom observed in the field and usually associated with intense coastal [e.g., Nelson and Dortch, 1996] or polar diatom blooms [e.g., Brzezinski et al., 2001] . Given the calculated kinetic parameters from both the frontal and coastal stations (Table 2) , the low silicic acid concentrations in this coastal eddy likely led to severe limitation of Si uptake. Such limitation would reduce V b to a low proportion of V MAX (e.g., <20%), reducing q P . Diatom biomass, by proxy of bSiO 2 , was quite high in this eddy considering the offshore environment. Mean Ð bSiO 2 during coastal Cycle 4 (cyclonic eddy) was similar to Monterey Bay during spring [Brzezinski et al., 2003 ] but on the low end observed in the Peru upwelling zone, where Ð bSiO 2 ranged from 40-200 mmol Si m 22 during strong wind events, and 66-157 mmol Si m 22 under weak winds [Nelson et al., 1981] . Nelson and Goering [1978] , working in the Baja California upwelling system, observed higher [bSiO 2 ] throughout the euphotic zone (e.g., 0.5-9.0 lmol Si L 21 ). Thus, diatom biomass observed in the coastal Cycle 4 (cyclonic eddy) was on the lower end of that observed in other near-shore easternboundary upwelling systems. While biomass was elevated, the highest Ð q P observed in this study (i.e., coastal cycles) was an order of magnitude lower than observed during spring in Monterey Bay [Brzezinski et al., 2003] . The highest maximum specific uptake rates (Figures 5h and 5l) were five-fold lower than rates observed in Baja and Peru [Nelson and Goering, 1978; Nelson et al., 1981] .
These comparisons underscore that this particular offshore region of the CCE is highly dynamic over relatively short spatial scales (e.g., <40 km).
Ð bSiO 2 and Ð q P vary from low values similar to subtropical gyres [Brzezinski et al., 2011; Krause et al., 2013] and high values within the low range observed in easternboundary coastal upwelling systems. Such a range spans a high proportion of the entire Pacific basin-scale . Vertical profiles of (a, e, i) dissolved silicic acid, (b, f, j) biogenic silica, and (c, g, k) gross biogenic silica production and (d, h, l) biomass-specific biogenic silica production for the (a-d) oceanic, (f-h) frontal, and (i-l) coastal regions (bars 6SE). Legend for symbols per region denotes the cycle number (e.g., Cycle 1 5 C1) and the day (e.g., Day 1 5 D1) of the hydrocast during a specific cycle. Note scale differences in Figures 5j and 5k for the coastal cycles. Figures 1a-1c) , the isopycnal uplift and subsequent nutrient entrainment into the euphotic zone were likely reduced. Such a weakening may also have helped accelerate the silicic acid drawdown, which lowered surface concentrations to 0.1 lM, by limiting the input rate of silicic acid from depth.
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Coastal Cycle 3 was conducted on the edge of the northern cyclonic eddy (Figure 1b) , and the observations suggest the diatom community within this feature was limited by iron. Low dissolved iron concentrations were measured throughout the cruise [Bundy, 2014] . Within the mixed layer, the ratio of silicic acid to nitrate (Si:N) averaged 0.1560.01 (SE) during Cycle 3, as opposed to 2.260.6 for the same vertical interval during Cycle 4 (Figure 4 ). Diatoms typically require Si in near equal amounts to N (i.e., Si:N 1:1) and seven-fold less than C (i.e., Si:C 0.13) [Brzezinski, 1985] . When diatom growth is limited by iron, the period of the cell cycle where Si uptake occurs increases, thereby increasing the Si:N and Si:C uptake ratios integrated over a division cycle even when Si is kinetically limiting [Hutchins and Bruland, 1998; Takeda, 1998; Franck et al., 2000] . The low Si:N, driven by intense silicic acid drawdown, therefore provides an indirect indication of iron limitation of diatom growth. Additionally, under iron limitation, the Si:N and Si:C ratios of exported material are expected to increase, reflecting the changes in diatom physiology. The total bSiO 2 export during coastal Cycle 3 was over three-fold higher than export measured in coastal Cycle 4 and both frontal cycles (Table  1 ). The exported material was also enriched in Si, relative to N (Si:N 8-15) and C (Si:C 0.8-1.6), and this enrichment was higher than would be expected from differential remineralization between bSiO 2 and organic matter, e.g., as observed for the 60 m samples in the frontal cycles and coastal Cycle 4 (Table 1) . Thus, by two independent and indirect metrics, diatoms in coastal Cycle 3 appeared to be growth limited by iron. This result is consistent with previous reports of iron-limitation of the phytoplankton community in the California Current region [Bruland et al., 2001; King and Barbeau, 2007] .
Despite a lack of biomass accumulation, diatom activity in frontal waters (Cycles 1, 6) appeared to be enhanced. V b in the frontal waters was high compared to the coastal eddies (Cycles 3, 4; Table 1 ). The physical interaction within these frontal regions increased silicic acid concentrations in the mixed layer (Figure 4b ) by a factor of three compared to the coastal eddy cycles (Figure 4c ) and 15% above those in the oceanic eddy cycles (Figure 4a ). That increase in Si availability combined with the high affinity of the frontal assemblage for silicic acid (i.e., high V MAX :K S ) [Healey, 1980] would boost cell division and hence biomass normalized production, V b .
Diatom Biomass Along the C-Front Transect
Diatom biomass at the C-Front was enhanced, but this did not appear to result from local frontal processes. Satellite-derived sea-surface height anomalies (Figure 1 ), potential density profiles (Figure 2) , and diatom biomass observed during the process studies (Figures 4 Figure 6 . Response of Si uptake to enhanced dissolved silicic acid availability. One experiment was conducted in each region (symbols). Data were fit to the Michaelis-Menten equation using a nonlinear regression analysis in Sigma Plot 12.0 V C software. and 5) suggest the C-Front transect traversed part of the southern cyclonic eddy (i.e., sampled during Cycle 4). Thus, the elevated diatom biomass was not from frontal dynamics as observed previously in the southern CCE [e.g., Taylor et al., 2012] but likely the result of advection.
Diatom Contribution to Primary Production and Export Production Across Frontal Gradients
The contribution of diatoms to primary production and export production across the frontal gradients can be estimated from the rates of C, N and Si use and particle elemental ratios. Si, C and N uptake rates are coupled to estimate the contributions of diatoms to primary production (PP) and nitrate uptake (i.e., new production, qNO 2 3 ) as follows:
Diatom % ð qNO -3 5 100 3
Culture-based diatom Si:C and Si:N values of 0.13 and 1.0, respectively, are used [Brzezinski, 1985] and a 6.6 C:N ratio is assumed.
Estimates of the diatom contributions to primary and new production both indicate an important biogeochemical footprint for diatoms in this system. In the coastal cycles (3, 4), diatoms potentially account for 40% of primary production. Considering the role of diatoms in near-shore coastal systems, especially during episodic nutrient pulses, these results in offshore coastal waters are not unexpected and fit with previous studies in the CCE (e.g., northern region) [Lassiter et al., 2006] .
Diatoms were also important in the oceanic cycles (2, 5). On the C-Front transect, diatom biomass was typically 5% of the total autotrophic biomass in the oceanic region (i.e., Diatom C: Total Autotrophic C, Figure  3f ). If this proportion is conserved, then the importance of diatoms to primary production in the oceanic cycles (7% , Table 3 ) is similar to or slightly higher than their contribution to autotrophic biomass. Such a result fits well with many studies from the open-ocean including the subtropical gyres [Nelson and Brzezinski, 1997; Brzezinski et al., 2011] and the equatorial Pacific [Krause et al., 2011b] . Each of these studies demonstrate similar disproportionate importance of diatoms in primary production relative to their low biomass, suggesting that diatoms play quantitatively significant roles in biogeochemical cycling outside of near-shore coastal and high-latitude systems.
Within the frontal region, diatom contributions to community rates resembled a blend of the oceanic and coastal cycle estimations. In the frontal areas (Cycles 1, 6), diatoms accounted for 25% of total primary production. Despite the five-fold decrease in diatom biomass (Table 1, Figure 5 ), the diatom contribution to PP was approximately half of the contribution in coastal waters, indicating a quantitatively significant role for diatoms in community rates at these locations.
Similarly, diatoms appear to be disproportionately important contributors to new production relative to their biomass. In the coastal cyclones (Cycles 3, 4), diatoms accounted for 35% of nitrate uptake (Table 3) . While nitrate concentrations were sufficiently low in the oceanic domain (Cycles 2, 5; Figure 4a ) to positively bias 15 N uptake measurements, the calculated contribution for diatoms was 6%, which is consistent with the estimated diatom proportion of primary production (Table 3) . Estimates of nitrate uptake by diatoms at the frontal stations (Cycles 1, 6) closely resembled those for primary production in both magnitude and range (19-26%, Table 3 ), suggesting that the frontal diatom communities also played a quantitatively significant role in new production.
Two lines of evidence indicate that the estimates of diatom new production may be conservative, especially in the frontal region. First, Dugdale and Wilkerson [1989] reported f-ratios between 0.6 and 0.8 in the upper euphotic zone during a 5 day drifter experiment with coastal water originating near Pt. Conception, slightly north and in shore of our study region. Dugdale et al. [2007] also reported that >5 lm cells in near-surface waters of the eastern equatorial Pacific typically had f-ratios of 0.6. These studies demonstrated that larger cells, e.g., diatoms, may use proportionally more nitrate than reduced N for production of organic matter. Thus, applying a community f-ratio (i.e., as in [1979] ). From this regression, nutrient ratios in the upper 40 m (i.e., the depth of production integrations) during our cruise would predict f-ratios of 0.22, 0.60 and 0.44, for oceanic, frontal and coastal stations, respectively. Compared to the f-ratios used for calculations in Table 3 (0.23, 0.40 and 0.35 for the oceanic, frontal and coastal regions, respectively), the Harrison et al.
[1987] regression predicts a disproportionately higher f-ratio in the front region. Considering these previous studies, the estimated contribution of diatoms to new production at the frontal stations may be up to 1.5-fold higher than suggested in Table 3 (i.e., real f-ratio for diatoms may have been near 0.6 in the front). This would revise the estimated nitrate uptake to values similar to the coastal region.
For estimating the contribution of diatoms to POC and PON export, our calculation approach is similar to equations (2) and (3): Diatom %POC or %PON export5 100 3 q E = ðSi : C or Si :
Previous reports that estimate the diatom contribution to organic matter export use nutrient-replete diatom Si:C and Si:N ratios which are modified due to recycling of organic carbon and bSiO 2 within the euphotic zone [e.g., Brzezinski et al., 2011] . In this study, neither recycling term is well constrained nor is it known whether diatoms sink as whole cells, thus exporting all their organic material to the trap. The potential export pathways for diatom material out of the euphotic zone include sinking as an intact cell, within a zooplankton fecal pellet, or incorporated into an aggregate. If diatom detrital material gets consumed more than once, e.g., mesozooplankton grazing on fecal pellets or detrital aggregates, then the resulting diatom Si:C increases and the actual export of diatom organic matter is reduced. The most important pathway above cannot be determined with the current data set. Thus, instead of using modified diatom Si:C and Si:N based on nutrient-replete diatoms, we use Si:C based on the ratio of bSiO 2 :diatom C for the oceanic, frontal and coastal conditions, 6.162.3, 3.260.9, and 1.360.5, respectively (data from Figures 3d and 3e ). This approach assumes diatom particulate material in the euphotic zone is well mixed from grazing, aggregation and disaggregation, and that the likelihood to sink, be grazed, and be incorporated into aggregates is similar for living diatoms and empty frustules (i.e., detritus).
While methodological bias in the collection of exported material would increase the uncertainty of the diatom contribution to organic matter export, this does not appear to have been an issue during this cruise. Combined use of 234 Th: 238 U disequilibrium and identical sediment trap arrays to those used in this study have shown good agreement for carbon fluxes in the CCE [Stukel et al., 2013] , suggesting that our bulk export results are unlikely to suffer from significant over or under-collection.
The variability in the contribution of diatoms to organic matter export across the front is a striking feature of our results. In the coastal cyclones, diatoms alone could account for 22-44% and 33-72% of POC and PON export, respectively (Table 3 ). The high values in the coastal cycles are not surprising given that the importance of diatoms to particle export in coastal systems is well established. The higher values were from Cycle 3, where iron limitation of diatom growth was suggested. Such a condition would result in heavily silicified diatoms, which sink faster than iron-replete diatoms, with relatively low organic matter content. In the oceanic waters, the diatom contribution to organic-matter export was considerably lower (1%) than their maximum contribution to primary and new production (Table 3 ). This suggests that most of the produced diatom organic matter was either remineralized in the euphotic zone or assimilated by higher trophic organisms, rather than exported as intact single cells or aggregates. In the frontal area, diatoms could account for 6-8% of export, relative to POC or PON proxies (Table 3) , an order-of-magnitude enhancement in proportional importance compared to the oceanic region. Despite the similarity in the gross rates of bSiO 2 export between the frontal cycles (1, 6) and coastal Cycle 4, where diatoms were not iron limited, the diatom contribution to organic matter export was approximately four-fold lower in the front than in the coastal region. Such a difference implies there was considerable reworking of diatom organic matter in the frontal-region food web prior to export. When considering all three water types, the food web processes which transform diatom material prior to export appear to be highly variable on short spatial scales.
Conclusion
Even with a 25-fold variability in diatom biomass across a frontal zone in the CCE, the biogeochemical roles of diatoms were significant in each of three water types studied. Oceanic diatoms had low biomass and production rates, but their contributions to organic matter production was higher than their contribution to autotrophic biomass and most of diatom organic matter was retained in the food web. Diatom biomass and rates of biogenic silica production were highly variable within two coastal cyclonic eddies, but in both their contribution to organic matter export was high. Despite frontal diatom biomass being 20% of the coastal cyclones, diatom bSiO 2 export was similar and their contribution to organic matter export was fourfold lower, suggesting a stronger importance for food web processes in retaining diatom organic matter in the euphotic zone. Convergent fronts may retain buoyant particles which ultimately may lead to elevated export despite the strong likelihood that most of the biomass was not produced at the front [Yoder et al., 1994] . The interactions between eddies, which presumably created the frontal zone, appear to be the physical mechanism that created variability over <40 km spatial scale comparable to that previously observed across the Pacific basin. This mesoscale-scale variability across the front is expressed in diatom biomass, production rates, and food web processes that transform diatom material prior to export. If the biomass variability from the C-Front transect is also representative of rate variability, this spatial scale may be shorter, e.g., <10 km. This result differs from other fronts examined in this region [e.g., Landry et al., 2012 and suggests eddy-eddy interactions may play an important role in driving high spatial variability in biogeochemical rates across frontal zones in the southern CCE.
